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Ecosystems services are threatened by the rapid degradation of tropical rainforests. In light of these
threats, questions remain about how societies on the forest fringe who depend on provisioning services
affect plant functional traits. This study assessed the relationship between plant functional traits, forest-
dependent societies and provisioning ecosystem services along a forest–agriculture matrix gradient in
tropical humid forests of Madagascar. Data were collected for six functional traits and six provisioning
services. We evaluated functional diversity (FD) and utilitarian diversity (FD of provisioning services)
along disturbance gradients. We also determined the traits most susceptible to loss along the gradient
as well as the relationship between functional traits and provisioning services. The results showed that
FD, utilitarian diversity and species richness decreased signiﬁcantly across all modiﬁed habitats. There
was a distinct suite of traits absent from intensely used habitats and those same traits were associated
with the two most important provisioning services in the region (ﬁrewood and construction). The activ-
ities of people living on the forest fringe seem to be a strong selective force on trait loss in plant commu-
nities, which in turn will inﬂuence future species assembly and trait diversity and distribution. Moreover,
this study suggests that it is possible to predict trait loss from plant communities in forests where deg-
radation is mediated primarily through subsistence agriculture and resource extraction. Conservation
efforts should recognize that forest degradation and deforestation are contextually speciﬁc, determined
mostly by people’s efforts to maintain their basic livelihood, and therefore necessitate local-scale inter-
ventions that feed into landscape-scale policy initiatives.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Tropical forests house two-thirds of the world’s terrestrial bio-
diversity (Whitmore, 1998; Wright, 2002), providing essential cul-
tural, provisioning, regulating and supporting ecosystem serviceslocally, regionally and globally (Cardinale et al., 2012; Foley
et al., 2007; Kremen, 2005). As a consequence of factors ranging
from large-scale forest conversion to over-harvesting of resources
for subsistence, tropical forests continue to be affected by practices
that promote deforestation and forest degradation (Achard et al.,
2004; Asner et al., 2009). This has led to large areas of the tropics
being transformed into simpliﬁed, low diversity ecosystems char-
acterised by a forest–agriculture mosaic that ranges from mature
and secondary forests to agro-forestry plantations, arable crops,
pasture and nutrient-depleted fallow grass and scrubland (Gardner
et al., 2009; Morris, 2010). This transformation of natural land-
scapes and intensiﬁcation of land use is often accompanied by
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ni et al., 2009). In addition to changes to species assemblages, these
dynamics may affect associated functional traits and delivery of
ecosystem services (Norris et al., 2010; Quetier et al., 2007), partic-
ularly provisioning services vital for the livelihoods of human com-
munities on the forest fringe (Brown et al., 2011; Cardinale et al.,
2012).
Two important questions regarding the interaction of land use
and tropical forest biodiversity are: (i) how forest-dependent soci-
eties affect plant functional traits and (ii) whether functional trait
loss is related to use of particular provisioning services. Functional
traits have been shown to link organisms, ecosystem properties
and ecosystem services (Cornwell et al., 2008; de Bello et al.,
2010; Violle et al., 2007). Traits are the ecological attributes of
organisms, which affect ecosystem properties, in turn modulating
ecosystem services (Lavorel et al., 2011; Naeem et al., 2012). Bio-
logical communities with high functional trait diversity and redun-
dancy are usually more resilient, better buffered against the
vagaries of environmental change (Laliberté et al., 2010; McGill
et al., 2010), and are generally associated with increased ecosystem
function (Flynn et al., 2011) and the ability to deliver ecosystem
services (Mouillot et al., 2011). A commonly assumed effect of land
use change on biodiversity suggests that as land use gradients
intensify, there should be a concomitant loss of species and func-
tional trait diversity (Srivastava and Vellend, 2005). Although
experimental studies have supported this relationship, the evi-
dence in natural communities has been equivocal. For instance,
land use intensiﬁcation may lead to decreased species richness
and functional diversity for mammal and bird communities, but
not always for plant communities (Flynn et al., 2009; Laliberté
et al., 2010; Mayﬁeld et al., 2005). Furthermore, species’ response
trajectories to land use change does not necessarily decrease spe-
cies richness and functional diversity, and indeed has the potential
to increase both (Mayﬁeld et al., 2010). These observations suggest
that the relationship between species richness and functional
diversity is complex.
In this paper we focus on human-mediated degradation in the
humid tropical forests of southeastern Madagascar. Madagascar
is considered an area of high priority for conservation efforts and
is one of 34 global biodiversity hotspots (Mittermeier et al.,
2005), indicating a high level of plant endemism, but also high
rates of deforestation and degradation (Myers et al., 2000). Approx-
imately 80% of Madagascar’s population live in rural areas and de-
pend on ecosystem services from forests (Ingram and Dawson,
2006), directly inﬂuencing biodiversity through conversion of for-
estlands for crop cultivation, selective logging and extraction of
natural resources. These activities also affect vital ecosystem ser-
vices on which local people depend. Rather than a rapid loss of for-
ests, this process converts intact forests to degraded or agricultural
lands and has been the reason behind Madagascar’s historically
low deforestation rates (Green and Sussman, 1990; Harper et al.,
2007). With increasing population density (both urban and rural)
and changes in socio-economic drivers, this past trend is changing
and forests in Madagascar are becoming increasingly vulnerable to
large-scale forest clearance (Agarwal et al., 2005). Given the links
between functional traits and ecosystem services (and their poten-
tial degradation), it is important to determine if anthropogenic
activities have modiﬁed trait structure in forests.
This study has three primary objectives. First, we evaluate how
functional trait diversity varies according to disturbance both
along a forest–agriculture matrix gradient and between continuous
and fragmented environments. We focus on utilitarian plants –
wild plants that are extracted for ﬁrewood, charcoal, timber and
other non-timber forest products (NTFPs). We hypothesize that de-
clines in biodiversity will equate to loss of functionally important
plant traits within landscapes dominated by resource extraction.Second, we determine which traits are most susceptible to loss
along disturbance gradients. We expect that functional traits asso-
ciated with speciﬁc, common provisioning services (e.g., ﬁrewood)
will be disproportionately lost from the most intensively modiﬁed
habitats. Finally, we determine the relationship between functional
traits and provisioning services used by subsistence communities.
For example, plants commonly used for construction are expected
to have high wood density—associated with strong timber—and
species with high values for that trait should be preferentially lost
from intensively modiﬁed habitats. Additionally, bark thickness
and wood density may both be important traits on which local
people implicitly focus when choosing species for fuelwood. The
extent to which resource extraction and subsistence agriculture
inﬂuence plant traits have not been fully explored in a tropical
setting.2. Methods
2.1. Classifying disturbance gradients: forest–agriculture matrix and
continuous vs. fragmented forests
The vegetation datasets were assembled from published and
unpublished studies in southeastern regions of Madagascar
(Fig. 1). Twenty-six sites, totalling 235 plots were sampled for this
study. These studies were undertaken in areas with varying levels
of land use intensity. Many of the forests were likely in a state of
active degradation and almost certainly exhibited ﬂuctuating de-
grees of disturbance over time, a state common to many habitats
in Madagascar (Irwin et al., 2010).
We classiﬁed vegetation plots from each study according to
their position on a forest–agriculture matrix gradient, as well as
whether they were found in continuous or fragmented forests
(Fig. 1). The forest–agriculture matrix gradient was divided into
ﬁve categories: (i) interior – entirely within forest; (ii) interior–
edge – combination of forest and edge habitats; (iii) interior–
edge-matrix – combination of interior forests, edge and matrix
habitats; (iv) edge-matrix – combination of edge and matrix habi-
tats; and (v) matrix – entirely within non-forest. Forest and non-
forest classes were obtained from layers created by Conservation
International (Harper et al., 2007), with additional imagery from
GoogleEarth 2012 and GeoEye 2011 used to correct for cloud cov-
ered areas. Next, a buffer 100 m from the forest edge was created
within forested areas. This buffer distance has been shown to
delineate marked differences in important tree characteristics,
such as variability in mortality (Laurance et al., 2007). Each plot
was then coded for their location according to where they fell in
the landscape in the ﬁve categories outlined above. It is important
to note that land use in Madagascar is dynamic, which could result
in errors in the categories assigned to plots (e.g., through defores-
tation or forest restoration between when the Conservation Inter-
national layer was classiﬁed and when the plots were inventoried).
Accordingly, we veriﬁed that the categories attributed to each plot
from the Conservation International forest cover layer did not
change when visually inspected using more recent and higher-res-
olution imagery from GoogleEarth and GeoEye; no such changes
were observed. Additionally, many of the sites used in this study
consisted of multiple plots with several different intensiﬁcation
categories.
Forests were classiﬁed as continuous or fragmented using lay-
ers and satellite imagery indicated above. Vegetation plots desig-
nated as forest fragments were visibly isolated from other tracts
of forests, with distance between fragments ranging from 61 m
to 636 m. The area of natural forest fragments sampled ranged
from 73 ha to 1063 ha. Fragments vary in their properties (e.g., size
and isolation) and the distinction between large fragments and
Fig. 1. Site map showing study sites in southeastern Madagascar. Indicated are the number and size of plots at each site. aBrown et al. (2011), 49 plots, 0.16 ha; bBrown et al.
(2009), 16 plots, 0.04 ha; cHolmes (2012), 40 plots, 0.04 ha; dDelmore (2009), 72 plots, 0.02 ha; eJohnson (2002), 10 plots, 0.04 ha; fIngraldi (2010), Ludovic and
Andriamaharoa (unpublished data), 48 plots, 0.04 ha.
120 K.A. Brown et al. / Biological Conservation 161 (2013) 118–127continuous forest is somewhat arbitrary. However, eastern Mada-
gascar has a prominent forest corridor that extends largely unbro-
ken along the entire eastern escarpment. Forest plots sampled in
this corridor maintain connectivity across the region (except whendivided by the few rivers that traverse the entire corridor). This
contrasts sharply with the forest remnants in the coastal plain,
which can be characterized as relatively small forest fragment net-
works that are well separated from each other.
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Plant traits were collected from forests within the boundaries of
Ranomafana National Park (RNP) and habitats surrounding the
park (Fig. 1). Individuals were selected from different habitats in
RNP, covering a large range of species occurrences. Trait sampling
was conducted from June 01 to June 21, 2011 and collection times
were restricted to 0800 and 1600 h each day. Plant functional traits
were sampled for 375 individuals across 75 species (i.e., ﬁve indi-
viduals per species). Species selected for trait measurements were
the most abundant utilitarian plants within the region (see Sec-
tion 2.6). Data were collected for six traits: WSG, bark thickness
(mm), speciﬁc leaf area (SLA, mm2 g1), leaf size (mm2), leaf water
content (%) and height (cm). We selected traits that were regarded
as essential for plant strategy, but also have important associations
with provisioning services.
2.3. Wood speciﬁc gravity (WSG), bark thickness and plant height
WSG was measured using methods described in Cornelissen
et al. (2003), Muller-Landau (2004) and Williamson and Wiemann
(2010). This trait—also referred to as wood density (but see Wil-
liamson and Wiemann, 2010 for a distinction)—is deﬁned as the
density of wood relative to the density of water and is calculated
by dividing the oven dried weight of wood by its fresh volume.
For this study, wood samples were extracted at 1.5 m from tree
base, perpendicular to the bark, using a 5.15 mm diameter incre-
ment borer to obtain cores 10–50 cm long. Samples were pro-
cessed within 5 h of ﬁeld collection and within 2 h after
returning to the laboratory. Cores were divided into two or more
segments (cutting parallel to the bark) and the length of each
was measured. The water displacement method was used to mea-
sure the fresh volume of each core segment (Cornelissen et al.,
2003). After which, the samples were oven dried at 100 C for
48 h or until a constant weight was achieved and measured using
a balance scale (accurate to within ±0.001 g). We calculated the
area-weighted mean of each core segment to account for the rela-
tive over-representation of wood toward the pith, in pith to bark
cores (Williamson andWiemann, 2010). WSG of each core segment
was calculated as the oven dried weight divided by the fresh vol-
ume and is a unit-less value (Williamson and Wiemann, 2010).
The bark was kept intact on each core and bark thickness was mea-
sured after measuring fresh volume and prior to oven drying. WSG
and bark thickness were calculated as the average of ﬁve
measurements.
Tree height was either measured with a laser hypsometer when
feasible (dense understory can compromise visibility) or estimated
with reference to an adjacent measured tree. Height was calculated
as the average of 20 measurements.
2.4. Leaf traits: speciﬁc leaf area (SLA), leaf size and leaf water content
SLA was calculated as the ratio of leaf area (mm2) to leaf dry
mass (g) following Cornelissen et al. (2003). We collected ﬁve
leaves from each individual, limiting collection to leaves exposed
to full sunlight when possible and from the top of canopy for
understory trees. Immediately after collection, leaves were sealed
in plastic bags and stored at a relatively constant temperature until
they could be returned to the laboratory. All samples were pro-
cessed within 24 h of collection and those left overnight were
placed in moistened paper towels and stored in a refrigerator at
5 C until morning when they could be processed. Fresh leaf mass
was measured using a balance (accurate to within ±0.001 g) and
leaf area was measured in the laboratory using a LI-3000C portable
area meter (LI-COR, Lincoln, Nebraska, USA). Leaf size (mm2) in-
cluded only the lamina, while the leaf area used to calculate SLA in-cluded lamina, petiole and petiolules. The constituents from each
individual leaf (i.e., lamina, petiole and petiolules) were subse-
quently oven dried at 70 C for 48–72 h. Leaf water content (%)
was calculated using all leaf constituents as the difference between
fresh leaf mass and oven dried leaf mass. SLA, leaf water content
and leaf size were calculated as the average of ﬁve measurements.
2.5. Functional diversity: Petchey and Gaston’s FD
We assess trait diversity using Petchey and Gaston’s FD (2002),
a multi-taxa index that measures the variation of traits for species
present in an ecological community and provides a way to com-
pare the diversity of species’ roles between plant communities.
Petchey and Gaston’s FD is a dendrogram-based index, originally
based on the phylogenetic diversity metrics, PD (Faith, 1992). We
used the Gower method to calculate multivariate distances be-
tween species and unweighted pair-group method with arithmetic
means (UPGMA) to summarize these pair-wise distance measures
into functional dendrograms. Differences between forest–agricul-
ture matrix gradient and continuous vs. fragmented forests in
terms of FD were evaluated using nonparametric tests, Kruskal–
Wallis and Mann–Whitney, respectively. The same analyses were
performed to assess differences in species richness. Post hoc
pairwise comparisons between land use categories using Mann–
Whitney tests with Bonferroni corrections were used to evaluate
signiﬁcant Kruskal–Wallis results.
2.6. Utilitarian diversity (UD) and provisioning services
The utilitarian diversity index—similar to FD index except the
former determines the diversity of provisioning services (see
Brown et al., 2011)—was based on a species’ utility to residents
surrounding the study areas. Species’ uses of interest were as fol-
lows: construction (ordinal), ﬁrewood (ordinal), medicinal (bin-
ary), food (binary), wood for tools (binary), and wood for
furniture (binary). The utility for 205 species was established using
two approaches: (i) questionnaires and (ii) interviews with local
experts. The traditional ecological knowledge (TEK) of Malagasy re-
search technicians was employed to identify ecosystem service
providers (ESP, Luck et al., 2009), plants essential for maintaining
people’s livelihood. Secondly, we used data from structured house-
hold questionnaires that determined utility (for ﬁrewood and con-
struction timber) and preference values (for construction timber)
for plant species used by villages associated with Manombo Forest
(Abram, 2008; Brown et al., 2011). Construction materials, fuel-
wood, charcoal and non-timber forest products (NTFPs) are consid-
ered the most prominent selective uses of forests in Madagascar
(Consiglio et al., 2006) and there is intensive extraction of those re-
sources (Kremen et al., 1998). Of the 205 species for which we have
utilitarian information, we included only 75 in the utilitarian
diversity analyses, because we were constrained by the number
species for which functional traits were collected. Differences be-
tween forest–agriculture matrix gradient and continuous vs. frag-
mented forests in terms of utilitarian diversity were evaluated
using the same nonparametric approach as FD and species
richness.
2.7. Classiﬁcation and regression tree
A classiﬁcation and regression tree (CART) approach was used
to determine which traits were most likely to be lost from the ma-
trix category of the forest–agriculture gradient as well as frag-
mented forests. For the forest–agriculture gradient, we identiﬁed
species present in interior forests and absent from all other forest
classiﬁcations. For fragmentation, we identiﬁed all species present
in the continuous forests but absent from the forest fragments. The
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(traits) to explain the variability in the response variable, which
was whether each species was present in at least one of the
unmodiﬁed habitats, but none of the modiﬁed habitats. This ap-
plied to both types of disturbance regimes. We used the sum of
squares around group means to establish splitting criteria, selected
optimal tree size by K-fold cross-validation, and evaluated model
ﬁt with Pearson correlation of predicted to observed species loss
(De’ath and Fabricius, 2000).2.8. Multiple logistic regression
We performed a multiple logistic regression to determine the
relationship between provisioning services and functional traits.
We focused on two provisioning services, construction (timber)
and ﬁrewood, both of which are known to be important for local
residents in this region (Brown et al., 2011, 2009). The logistic
regression model estimated the probability that a species was used
for construction, ﬁrewood or both. We assigned ‘‘1’’ to every spe-
cies encountered in the vegetation surveys known to be used either
for construction (timber) or ﬁrewood and ‘‘0’’ for species not used
for those provisioning services.
We used Akaike Information Criterion (AIC) for model develop-
ment and selection and Akaike weights to determine optimal mod-
els (Burnham and Anderson, 2002). We calculated odds ratios from
parameter estimates to determine the inﬂuence of model factors
on predicted likelihood of a species being used as ﬁrewood or con-
struction. Odds ratios were calculated only for the factors in the
top models. A logit link function was used to model the logistic
regression. All statistical analyses were carried out using the statis-
tical program R (R Development Core Team, 2012). Petchey and
Gaston’s FD and the regression tree were calculated using R-code
adapted from Flynn et al. (2009). The optimal logistic regression
models were selected using MuMIn package (Barton, 2010).3. Results
Two primary patterns were evident in our results: (i) there was
evidence of decreasing functional diversity (FD), utilitarian diver-
sity and species richness across all modiﬁed habitats and (ii) the
suite of traits most likely to be lost from forests was closely asso-
ciated with use of provisioning services. There were signiﬁcant dif-
ferences in FD across the forest–agriculture matrix gradient
(Kruskal–Wallis, P < 0.001), with lowest FD in the most modiﬁed
environments (matrix) and highest in the least modiﬁed (forest
interior; post hoc pair-wise comparisons using Mann–Whitney,
P < 0.05; Fig. 2A). This pattern was not always consistent, however,
with interior–edge habitats showing statistically similar FD values
as matrix and interior–edge-matrix showing statistically similar
values as interior habitats (Fig. 2A). There were also signiﬁcant dif-
ferences in utilitarian diversity across the forest–agriculture matrix
gradient (Kruskal–Wallis, P < 0.001; Fig. 2B), where the most mod-
iﬁed environments had the lowest utilitarian diversity (post hoc
Mann–Whitney, P < 0.05; Fig. 2B). The same pattern was true for
species richness (Kruskal–Wallis, P < 0.001; Fig. 2C). FD, utilitarian
diversity and species richness also all declined signiﬁcantly in con-
tinuous vs. fragmented forests (Mann–Whitney, P < 0.001 for all;
Fig. 3A–C).
The regression trees showed that species that were present in
the forest interior and absent from other categories were associ-
ated predominantly with bark thickness, WSG, height and second-
arily by SLA (R = 0.64, P < 0.001; Fig. 4). Thin-barked species, with
high WSG, and of relatively large stature and species with rela-
tively intermediate SLA values (P324 mm2/g) were more likely
to be absent from highly modiﬁed forests (Fig. 4). Species presentin fragmented sites were predominantly linked by large leaves
(P32.3 mm2), high leaf water content, and low-to-intermediate
SLA values (P263 mm2/g; Fig. 4).
The logistic regression was used to determine the association
between provisioning services (construction and ﬁrewood) and
functional traits. The Hosmer-Lemeshow statistic was not signiﬁ-
cant, indicating there was no evidence for lack of model ﬁt
(P = 0.703; data not shown). Additionally, the full model gives a
signiﬁcantly better ﬁt than the reduced model (P < 0.05;
X2 = 12.11, df = 6; log-likelihood = 41.57, df = 7). Bark thickness,
height and WSG were the best predictors of whether a plant was
more likely to be used for construction (Table 1). Additionally, bark
thickness was consistently an important predictor in all four top
models. The odds ratio showed that for every one unit increase
in bark thickness and WSG, the odds of species being used for con-
struction decreased by 15.1% and 97.5%, respectively (Table 1 and
Fig. 5A and C). Conversely, for every one unit increase in height,
the odds of species being used for construction increased by 12%
(Table 1 and Fig. 5B). The log ratio test indicated that the top can-
didate model for construction was not signiﬁcant (P = 0.32;
Table 1).
The log ratio test indicated that the top candidate model for
ﬁrewood was signiﬁcant (P < 0.05; Table 1). The top model in-
cluded three predictors: bark thickness, SLA and WSG (Table 1).
Leaf size, leaf water content and height were included in the other
top models, with bark thickness consistently shown as an impor-
tant predictor. The odds ratio showed that for every one unit in-
crease in bark thickness, there was a 22% increase in probability
of a species being used for ﬁrewood (Table 1; Fig. 5D). The odds ra-
tio for SLA showed that for every one unit increase in SLA, there
was a 0.6% decrease in the odds of species being used for ﬁrewood
(Table 1; Fig. 5E). For every one unit increase in WSG, the odds of
species being used for ﬁrewood increased by a factor of 133
(Table 1 and Fig. 5F).4. Discussion
4.1. Changes in functional trait diversity, utilitarian diversity and
species richness
Regardless of whether land use change was measured on a for-
est-agricultural matrix gradient or by comparing continuous and
fragmented forests, species richness covaried with FD and utilitar-
ian diversity. Our results differ from that of Flynn et al. (2009), who
did not detect a decrease in plant functional diversity (also mea-
sured with Petchey and Gaston’s FD) as land use intensiﬁcation in-
creased. This difference may be a consequence of our choice of
traits and focus on utilitarian plants, as well as differences in the
range of land use intensiﬁcation categories. Similarly, Laliberté
et al. (2010) found that while the majority of plant groups re-
sponded negatively to land use intensiﬁcation, certain groups in
tropical rainforests showed no net change as a result of intensiﬁca-
tion. Conversely, Katovai et al. (2012) found similar patterns to our
study, showing that the most disturbed human-maintained land
uses in wet tropical forests had lower functional diversity than
remnant primary and secondary forests. This underscores the
rather nuanced effects of land use on plant functional traits, invit-
ing caution when making generalizations about trait responses,
especially in tropical systems. It is notable that our results are spe-
ciﬁc to traits associated with utilitarian species, which is a subset
of the species-pool in these forests. From a conservation perspec-
tive, it was necessary to focus on a suite of traits and species that
reﬂected anthropogenic inﬂuences on the ecosystem, and also,
one of the primary drivers of forest degradation in Madagascar is
harvesting of timber and non-timber forest products. Whether
Fig. 2. Results from Kruskal–Wallis test of Petchey and Gaston’s FD (A); utilitarian diversity (B); and species richness (C) for forest–agriculture matrix gradient going from low
(Interior) to increasingly modiﬁed forests. There were signiﬁcant differences in all three variables across the disturbance gradient (P < 0.001, Kruskal–Wallis). Signiﬁcant pair-
wise differences between groups using post hoc Mann–Whitney test are indicated with different letters (P < 0.05).
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plants will be addressed in future studies.
4.2. Functional trait loss in modiﬁed habitats and trait-provisioning
service relationship
The results from the CART and logistic regression were consis-
tent, in that the traits shown to be absent from modiﬁed habitats
were associated with species used for the two most important pro-
visioning services in the region: construction and ﬁrewood. Our re-
sults suggest a direct inﬂuence of subsistence communities in
Madagascar on plant assemblages, with people apparently choos-
ing species-speciﬁc traits for particular provisioning services. For
instance, plants with thin barks and relatively large-stature were
more likely to be lost (presumably removed) from the agricul-
ture-forest matrix gradient. We also identiﬁed the provisioning
service for which these traits were best associated, showing that
species with thin barks and large-stature were more likely to beused for construction. The traits most associated with species used
for ﬁrewood were bark thickness, high WSG and SLA. The impor-
tance of the former two traits’ association with ﬁrewood as a pro-
visioning service make intuitive sense, since species with those
traits would provide a hotter, longer lasting burn (Vines, 1968).
For instance, species with thick barks are better adapted to survive
in a regime of frequent ﬁres (Vines, 1968), but it is possibly that
trait property which makes such plants preferred for use as ﬁre-
wood. Additionally, species with dense wood correlate with resis-
tance to drought-induced mortality (Preston et al., 2006),
mechanical breakage (Niklas, 1992), occur in later successional
stages (Falster and Westoby, 2005) and have lower mortality in
tropical forests (Kraft et al., 2010), properties that may help explain
the preference for such species for construction and ﬁrewood use.
Species with low-to-intermediate SLA values were more likely to
be used for ﬁrewood and more likely to be lost frommodiﬁed envi-
ronments. SLA is positively related to relative growth rate and pho-
tosynthetic capacities (Wright, 2002) and negatively associated
Fig. 3. Results from Mann–Whitney test for Petchey and Gaston’s FD (A) utilitarian diversity (B) and species richness (C) for continuous vs. fragmented forests. There were
signiﬁcant differences in all three variables across the disturbance gradient (P < 0.01). Asterisks indicate signiﬁcance.
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et al., 2006). Therefore, species with low-intermediate SLA were
more likely to have high wood density, indicating a trade-off be-
tween SLA and WSG, which suggests SLA may simply be associated
with an important trait on which people focus. It should be noted
that local residents are most likely not targeting traits we have
measured, at least not to the extent that they are choosing species
preferred for particular provisioning services. Decrease or loss of
certain traits is probably an inadvertent consequence of local resi-
dents relying on a subset of species for construction and ﬁrewood.
Nonetheless, these activities will inﬂuence community assem-
blages, particularly for regenerating forests.
There are other processes that do not implicate human activity
as a factor that affects changes in trait structure along forest–
agriculture matrix gradients. Coexistence theory suggests that
environmental ﬁlters, niche differentiation or neutral processes
can shape trait structure within plant communities. However, it
is difﬁcult to differentiate between trait selection mediated by
anthropogenic activities from that regulated by natural processes.
For instance, the trait structure of secondary forests recovering
from or subjected to resource extraction may exhibit a similar
pattern as those modulated by niche differentiation: co-occurring
species within forests modulated by both may exhibit trait diver-
gence, leading to relatively higher variability in trait values (Kraftet al., 2008; Paine et al., 2011). Neutral (niche-free) processes,
wherein dispersal and stochastic demographic processes predomi-
nate (Hubbell, 2001), may also lead to trait distributions with high
variability (Weiher et al., 2011). In complex social–ecological sys-
tems (Dawson et al., 2010) such as the forests presently under
study, trait selection will most likely be inﬂuenced by a combina-
tion of natural processes as well as direct and indirect human
activity, highlighting the importance of explicitly considering
how anthropogenic disturbances modulate trait structure. None-
theless, processes that govern species coexistence are quite varied
(Weiher et al., 2011; Weiher and Keddy, 1995) and our analyses
did not distinguish whether traits for co-occurring species in dis-
turbed assemblages were controlled by niche-based, niche-free
or a combination of these processes.
The implications that decrease in FD and utilitarian diversity
will have for local residents in this region are unclear. The likely
consequence might be a negative impact on people’s livelihood,
making it increasingly difﬁcult to locate species that are preferred
for basic provisioning services. The degree of impact may depend
on local activities, as drivers of deforestation and forest degrada-
tion are often contextually speciﬁc (Ingram and Dawson, 2006);
this underscores the importance of using management policies tai-
lored for local conditions and addressing the causes and impacts of
these processes at a landscape scale. This approach may help
Fig. 4. Regression tree showing traits present in forest interior (least modiﬁed habitat along forest–agriculture matrix gradient) and absent from all other categories; and
regression tree showing traits present in continuous and absent from fragmented forests. Species are sorted by traits into groups at the tips of the regression trees. The value
at each tip indicates the proportion of species that were present in at least one plot in the interior of the forest but were absent from the matrix; or proportion of species
present in at least one plot in the continuous forest but absent from fragments.
Table 1
Top candidate models for the multiple logistic regression of species used for construction or ﬁrewood as a function of bark thickness, height, leaf size, leaf water content, SLA and
WSG. Information is given for the top four models, along with their associated Akaike Information criterion (AIC), DAIC, Akaike weights (wi), and the parameters included in the
model. Models are ranked by wi (highest value). Bold indicates model signiﬁcance at P < 0.05).
Model Residual deviance AIC DAIC wi Parameters
Construction
1 78.9 87.5 0.00 0.118 Bark + Height + WSG
2 81.3 87.6 0.13 0.110 Bark + WSG
3 84.2 88.4 0.87 0.076 Bark
4 78.1 89.0 1.51 0.055 Bark + Height + Leaf size + WSG
Firewood
1 84.4 92.9 0.00 0.250 Bark + SLA + WSG
2 83.3 94.2 1.29 0.131 Bark + Leaf size + SLA + WSG
3 83.8 94.7 1.80 0.101 Bark + Leaf water + SLA + WSG
4 84.2 95.1 2.20 0.083 Bark + Height + SLA +WSG
Odds ratio: BarkConstruction = 0.849, HeightConstruction = 1.12, WSGConstruction = 0.025; BarkFirewood = 1.22, SLAFirewood = 0.994, WSGFirewood = 133.0.
Signiﬁcance tests for the best models were conducted using model likelihood ratio tests. The X2 statistic (df, n) and signiﬁcance are shown: X2Construction (6, 75) = 7.01, P = 0.32;
X2Firewood (6, 75) = 12.11, P = 0.05.
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of how disturbances will affect tropical forest biodiversity, using
knowledge of local residents’ practice and preference for provision-
ing services to inform such a framework. Conservation efforts
should recognize that the factors that promote deforestation and
forest degradation are a consequence of people’s efforts to main-tain their basic livelihood, and require local-scale interventions
that feed into landscape-scale policy initiatives. This can take the
form of a participatory adaptive management approach integrated
within a framework that allows adapting to the needs of local
stakeholders, yet also responds to the highly dynamic nature of
these forest landscapes.
Fig. 5. Predicted probability plots for best candidate models for the logistic regression of species used for construction or ﬁrewood as a function of bark thickness, height, leaf
size, leaf water content, SLA and WSG. The best three predictors for construction and ﬁrewood are shown. Top row shows construction: (A) Bark thickness (mm), (B) Height
(cm), (C) WSG. Bottom row shows ﬁrewood: (D) Bark thickness (mm), (E) SLA (mm2/g), and (F) WSG.
126 K.A. Brown et al. / Biological Conservation 161 (2013) 118–127As an example of such an adaptive management initiative, a for-
est restoration project should accommodate the social–ecological
complexities of the region. The plants chosen for reforestation
could be determined both from interviews with local village ex-
perts who identify provisioning services vital for their livelihood
as well as researchers who attempt to identify plant traits that
are necessary to restore certain ecosystem functions. Both would
need to continuously adapt, the former to local residents switching
from one preferred resource to another; the latter responding to
new research that informs trait—ecosystem function relationships.
Such an approach addresses the social–ecological dynamics of
tropical landscapes, while also responding to both the needs of lo-
cal people and the loss of biodiversity. Whichever approach is
adopted, it must recognize the resources required for people’s live-
lihoods and seek to maintain functioning ecosystems on which
they depend.
In conclusion, our study shows that as forests in southeastern
Madagascar are converted from mature to secondary forests to
agro-forestry matrix, they are losing a speciﬁc, non-random suite
of traits. The association between trait loss and provisioning ser-
vices suggest that humans directly inﬂuence plant traits in humid
forests of Madagascar. Moreover, our results suggest that targeted
harvesting for speciﬁc plant characteristics likely has produced the
resulting overall trait composition in these assemblages. Rural peo-
ple, living on the forest fringe inﬂuence the distribution of traits in
plant assemblages, which in turn will not only affect the structure
of regenerating forests, but will also inﬂuence future community
assembly and trait expression in these forests.Acknowledgements
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